Originality-Significance Statement 24
The factors contributing to the assembly of microbiota in animals are extremely complex, 25 and thus a comprehensive understanding of the mechanisms shaping host-associated 26 microbial communities in natural ecosystems requires extensive ecological studies and 27 appropriate statistical methods. In this study, we investigated the bacterial microbiota 28 associated with the caterpillars of the Glanville fritillary (Melitaea cinxia), which is a long-29
term-studied ecological model system. We assessed the structure of variation in both 30 occurrence and abundance of gut microbial communities of individuals collected in the wild 31 with joint-species modelling, with the aim to relate the microbial community structure with 32 multiple potentially impacting covariates: host plant microbiota and metabolites, hosts' sex, 33 potential parasitoid infection, and family structure. These covariates exhibited substantial 34 correlation with multiple microbial taxa's occurrences, which correlations were consistent 35 for phylogenetically related groups of taxa, but varied across the whole microbial 36 community; on the contrary, only few correlations were found with taxa's abundances. The 37 dominating co-occurrence pattern of microbiota assembly, which effectively split caterpillar 38 individuals into two distinct groups, was, however, unrelated to any of the considered 39 covariates. 40 41
Introduction
The gut microbiota of insects is often highly heterogenic both among and within species, 91 with relatively high variation reported even across different gut sections (Douglas, 2015) . 92
The consumed diet has been suggested to be the major determinant of the microbiota 93 composition, as it can shape the microbial communities both directly (e.g. acquisition of 94 food-associated microorganisms or growth of microorganisms that utilize the consumed 95 food) and indirectly (e.g. through impacts on immunity, anatomy or digestive function; 96 Douglas, 2015) . However, several studies that controlled for the transient effects of diet 97 (e.g. in fruit flies and Asian tiger mosquitoes), still reported strong inter-individual variation 98 in the microbiota composition (Minard et al., 2015; Adair et al., 2018) , suggesting the 99 importance of diet-unrelated factors. For example, gut microbiota can be acquired via 100 maternal or horizontal transmission (Engel and Moran, 2013) , influenced by host genotype 101 or environmental conditions unrelated to food (Yun et al., 2014) , or they can be driven 102 mainly by stochastic processes (Douglas, 2015; Zeng et al., 2015) . In Lepidoptera, there is 103 only little evidence on the transfer of symbiotic bacteria among individuals (Paniagua Voirol 104 et al., 2018) . Consistently, the Lepidopteran gut microbiome has been shown to be highly 105 variable compared to other insect orders, with only few resident bacteria (Hammer et al., 106 2017) . The impact of the gut microbiota on the life history traits of Lepidoptera has been 107 questioned, even though the general knowledge on the bacterial associations across 108 species is still very limited (see Paniagua Voirol et al., 2018 for a review). 109
110
To improve our understanding of the potential ecological determinants influencing 111 associations between insect hosts and their gut symbionts, we exploit here the natural 112 metapopulation of the Glanville fritillary butterfly (Melitaea cinxia) in the Åland islands, 113
Finland. With M. cinxia caterpillars and their Plantago lanceolata host plants sampled 114 across this system at a single timepoint, our overall aim is to associate the midgut microbiota 115 of the caterpillars with ecological variables and thus to identify potential drivers of variation 116 that could impact these communities. In particular, we ask (1) whether there is a 117 correspondence between the host plant microbiota and that of the caterpillar microbiota; (2) 118 whether the host plant microbiota and the caterpillar microbiota are influenced by the 119 metabolite profile of the host plant; (3) whether the caterpillar microbial communities are 120 structured according to the sex and parasitoid infection status of the host; (4) whether after 121 accounting for the above mentioned factors, variation in these communities is structured 122 according to caterpillar families or is idiosyncratic among individuals independent of the 123 family structure; and (5) whether the variation in the microbiota with respect to the questions 124 1-4 is phylogenetically structured. Further, to examine if and how microbial variation 125 influences the fitness of the host, we ask (6) whether the over-winter survival of caterpillar 126 nests can be explained by microbiota composition. To address these questions, we apply 127 a joint species distribution model that allows us to evaluate both species-and community-128 level responses to the abovementioned covariates, as well as co-occurrence patterns of the 129 microbiota both at the levels of individual caterpillars and caterpillar families. 130
Averaged over the whole community, the presence-absence part of the caterpillar model 143 had only little predictive power through its fixed effects (Prediction P1; Supplementary Table  144 S1). In the line with this, caterpillar sex, parasitoid infection or the host plant's bacterial or 145 metabolic composition did not show a community-consistent correlation with the presence-146 absence patterns of the bacterial community ([5%, 95%] credibility interval for community-147 level mean value of species response overlapped with zero, Table 1 ). Accounting for the 148 residual species-to-species associations substantially increased the predictive power, 149 which however remained highly variable over the OTUs (Prediction P2; Supplementary 150 Table S1 ), but was only slightly worse than the explanatory power of the full model 151 (Prediction P3; Supplementary Table S1 ). These results suggest that the modelled 152 associations among bacterial taxa (OTUs) represent a true biological signal instead of 153 merely model overfitting artefact. In the abundance model, both the fixed effects and the 154 species-to-species associations contributed roughly equally ( Supplementary Table S1 ). 155
However, similarly to the presence-absence model, none of the fixed effects had a 156 consistent correlation with the abundance pattern, and thus the influences of the 157 environmental covariates were taxon-specific . The variance partitioning of additive 158
Gaussian components in HMSC's latent predictor mirrored the results of predicted power 159 comparison ( Fig. 3) . 160
Despite the generally low proportion of explained variance (Fig. 3 ), a substantial proportion 161 of OTUs showed positive or negative responses to the fixed effects ( Fig. 4) showed increased occurrence probability with the increased abundance of the focal OTU in 168 the host plant. Unlike in presence-absence model, in the abundance model only a small 169 proportion of the individual OTUs' responses gained substantial statisticalsupport ( Fig. 4) . 170
Phylogenetically related bacterial taxa were estimated to have similar responses to the 171 covariates: the strength of the phylogenetic signal was 0.98±0.002 (posterior mean ± 172 posterior standard deviation) in the presence-absence model and 0.86±0.025 in the 173 abundance model. This shows that closely related bacteria had similar niches in the sense 174 that they responded similarly to the fixed effects included in the model. This result is clearly 175 visible in Fig. 4 , that represents the responses of bacterial taxa ordered by taxonomy, and 176
where the positive and negative effects (the red and blue colors) are presented as 177 contiguous blocks rather than randomly distributed across the OTUs. The majority of the 178 Betaproteobacteria, for example, have lower occurrence probability when the individual is 179
infected by the parasitoid. The occurrence of the microbial OTUs were phylogenetically 180 structured not only with respect to the measured covariates, but also in their residual 181 variation, as the OTUs split into two groups in a markedly pronounced manner ( Fig. 5A ). 182
One of these two groups consisted, with minor exceptions, of the Enterobacteriaceae family, 183 and the other group of the remaining taxa including Uruburella, Cloacibacterium, Moraxella, 184
Acinetobacter, Dermacoccus, Hymenobacter, Corynebacterium, Paracoccus. Thus, some 185 of the caterpillars were characterized by a high representation of Enterobacteriaceae in their 186 microbiota, while the remaining individuals were characterized by a low representation of 187 Enterobacteriaceae. Given its dominant role in variance partitioning, this pattern is the 188 strongest signal related to OTU occurrences in our data ( Fig. 5A ), and its validity is 189 supported by similar results of a complementary analysis based on Dirichlet mixture 190 modelling (Supporting Information, Fig. S1AC ). In contrast to the strong patterns recorded 191
in the presence-absence model, only few statistically supported associations were found in 192 the abundance model ( Fig. 5B ). Quite unexpectedly, the caterpillar family structure was 193 estimated to play only a minor role on the microbial community structure, as both for the 194 presence-absence and abundance models it was attributed with minor proportion of 195 variance ( Fig. 3 ) and almost no statistically supported associations were found . 196
To summarize, the variation of bacterial community exhibited a complex structure, which 197 had both inter-individual and inter-OTU patterns, and did not support a simple 198 characterization. In terms of variation among caterpillar individuals, we found that neither 199 the fixed effects assessed nor the family relationships were capable to explain the very 200 strong segregation of individuals into two groups with very distinct microbial composition: 201 about 40% of the individuals were characterized by the microbiota with a co-occurrence of 202 phylogenetically related Enterobacteriaceae, whereas the rest of the individuals were 203 characterized by a more complex microbial community, composed of Uruburella, 204
Cloacibacterium, Moraxella, Acinetobacter, Dermacoccus, Hymenobacter, 205
Corynebacterium, Paracoccus, Wolbachia, Methylobacterium, and some unclassified 206 Actinobacteria and Corynebacteriaceae. Although, the fixed effects included in our model 207 accounted for minor part of this variation, and the microbial OTU responses to the fixed 208 effects were not synchronized across whole community, we found that phylogenetically 209 similar OTUs responded to these effects in similar manner. 210 211
Factors influencing host plant foliar microbiota 212
Contrary to the microbiota within the caterpillar gut, the plant microbiota was composed of 213 highly prevalent bacterial taxa (detected in more than 90% of the collected samples; Fig.  214 1B). The bacteria in this core microbiota were assigned to Methylobacterium, 215
Hymenobacter, Aureimonas, Modestobacter, and an unclassified Microbacteriaceae. 216
Whenever possible, we also assessed the plant metabolome by 1 H-NMR spectrometry ( Similar to the OTUs in caterpillars, we applied joint species modelling to assess the 228 presence-absence and the abundance patterns of the bacterial taxa retrieved from the host 229 plant leaves. The plant model showed lower predictive power than caterpillar model, 230
suggesting that the variation in microbial communities was less predictable at plant foliar 231 than in caterpillar guts ( Supplementary Table S1 ). Of the explained variation, the metabolite 232 composition of the plants was the key determinant in both the presence-absence and the 233 abundance models (Table 1 , Supplementary Table S1 , Supplementary Fig. S4 ). Here as 234 well, we found a strong phylogenetic structure in explaining how the OTUs responded to 235 
Influence of microbiota on overwinter survival 247
As the caterpillars of the Glanville fritillary overwinter gregariously, mainly in family groups, 248
we were interested in testing whether the microbiota composition of the samples collected 249 from the field would correlate with the survival of the siblings remaining in the wild. This 250 would have demonstrated an important fitness benefit of the microbiota composition in wild 251 populations. However, we did not find the over-wintering mortality of families to be related 252 to the microbiota composition or the metabolite profile of the host plants in which the 253 caterpillars were residing on (see Supplementary Information) . 254 255
Discussion 256
Symbionts that are highly competitive, strongly adapted to their host, and frequently 257 colonize host populations form the core microbiota shared among individuals of the same 258 species (Shapira, 2016) . On the contrary, symbionts that are competitively inferior, less 259 adapted to the intestinal conditions (e.g. pH, and digestive enzymes), and/or are rarely 260 acquired or transmitted among individuals, tend to form a pool of transient bacteria that 261 consequently are subject to higher fluctuations among hosts (Shapira, 2016; Macke et al., 262 2017) . We show that the natural midgut microbial community of M. cinxia caterpillar is highly 263 variable, and that only a minor proportion of that variation is related to the measured 264 caterpillar's traits or the properties of the host plant in which it was feeding. In contrast, we 265 documented a strong co-occurrence patterns of OTUs at the level of caterpillar individual, 266 which could not be attributed to any of the covariates included in our analyses. These co-267 occurrence patterns in the microbiota were strongly phylogenetically structured, suggesting 268 two mutually exclusive groups of bacterial communities. One of these groups consisted of 269 mainly Enterobacteriaceae, whereas the other group consisted of the remaining taxa. 
Sex and parasitoid infection are correlated with variation of marginal bacterial taxa 293
The occurrence of OTUs within Rhodobacterales and Neisseriales orders was generally 294 higher in female than male caterpillars. Due to the absence of sexual dimorphism and 295 proper genetic markers, most studies conducted on immature developmental stages of 296 insects fail to consider sex differences in the microbiome. However, sex-specific differences 297 may greatly impact the microbiota from early caterpillar instar onwards. In the silkworm, 298
where sexes can be identified in the caterpillars (Zhang et al., 2010), no strong difference 299 was evident in the global β-diversity structure of the bacterial microbiota. However, 300 marginal differences in the relative abundances of some bacterial taxa was reported, as 301 females were shown to preferentially harbor Delftia, Aurantimonas and Staphylococcus 302 while males were mostly colonized by Enterococcus . In adult H. erato, 303 males and females share similar microbial communities (Hammer et al., 2014) , whereas in 304 Spodoptera littoralis the sexes harbor divergent bacterial communities, with higher 305
Enterobacteriaceae proportion found in females (Chen et al., 2016) . It is noteworthy that 306 even when found, the consequences of sex-dimorphic microbiota in Lepidoptera are not 307 well understood. Chen et al. (2016) showed enrichment of bacteria carrying genes involved 308 in the energetic metabolism in females. Some of these bacterial taxa colonizing females 309 were partly retrieved from the eggs. Those bacteria may be vertically transmitted from the 310 mother to their eggs. 311
We found that the parasitoid infection was also associated with lower occurrence probability immunity. Even though it has never been specifically studied, these viruses might also 320 directly or indirectly impact the microbiota of the caterpillar. Alternatively, individuals not 321 carrying specific symbionts may be more attractive or susceptible to the parasitoid infection. 322 Such processes have been described, for example, in aphids where facultative symbionts 323
interfere with the volatile signals released by the plant to attract parasitoid (Frago et al., 324 whereas the parasitoid, H. horticola, is naturally infected by a Wolbachia strain wHho, with 327 an infection rate of approximately 50% in the study population the Åland islands (Duplouy 328 et al., 2015) . Therefore, our results suggest that Wolbachia may be horizontally transferred 329 by the parasitoid. However, due to the high mortality of individuals to the parasitoid infection 330 it may be extremely rare to find Wolbachia infected adults. Furthermore, we do not know 331 depending on the organic matter, defensive metabolites. In actively feeding caterpillars the 391 microbiota found in fecal samples has been shown to resemble that of the host plant 392 (Hammer et al., 2017) . Our result of microbiota in the midgut not representing similar 393 microbial community to that of the host plant suggest that the bacterial community of the 394 host plant is actively transported through the digestive tract of the caterpillar while they are 395 eating plant material, and that this community is excreted through the feces and is not 396 maintained within the gut of the caterpillar after they stopped eating. On the other hand, we 397 cannot exclude the hypothesis that the excretion of the microbiota have happened during 398 the molting right before the individuals enter into diapause. A recent study on several 399
Lycaenid butterfly species showed that starved carnivorous or herbivorous caterpillars did 400 not present any differences in their intestinal communities in comparison to each other 401 (Whitaker et al., 2016) . 402
403
The over-winter survival probability of caterpillars families is spatially structured but does 404 not correlate with the microbiota or metabolite composition of the host plant 405
We did not find any influence of microbiota composition on overwinter survival, but this may 406 have been because our data on this was indirect. As the microbiota of the caterpillars from 407 the same nest (i.e. family) did not resemble much each other, the microbiota of the sampled 408 individuals was not likely to be representative of the microbiota of the individuals for which 
Conclusion 420
The caterpillars of the Glanville fritillary butterfly present a highly variable gut microbiota 421 even among caterpillars from the same family living on the same host plant individual. 422
Variation in gut microbiota is predominantly related to Enterobacteriaceae, which show 423 marked variation in their diversity among the individuals. Additionally, the occurrence 424 probabilities of some OTUs were impacted by the presence of the parasitoid and by the sex 425 of the caterpillar. The highly variable herbivore microbial communities differed markedly 426 from those of the more conserved host plant microbiota communities. In particular, while 427 the plant leaf metabolites influenced the plant microbiota, these effects did not penetrate to 428 microbiota of the caterpillars feeding on those leaves. Future prospects on other 429 developmental stages (pupae, adults, eggs) should be conducted to broaden our 430 understanding of the variation and potential role of the Glanville fritillary microbiota. Finally, 431
we remark that joint species distribution modelling provides new opportunities to assess 432 simultaneously the influences of both abiotic and biotic drivers on community variation. 433
However, further development is required for making joint species distribution models fully 434 compatible with sequencing data, and thus we hope future developments to implement 435 multinomial observation models and the ability to capture discrete mixtures. (Qiagen, Germany) using an optimized protocol for extraction of bacterial DNA from low 501 matrix (Minard et al., 2015) . For plant samples, a piece of 0.5 cm 2 was separated from the 502 center of the leaf, crushed in liquid nitrogen using a sterile pestle, and DNA was extracted 503 following the protocol described for midgut samples. To avoid bias due to the possible 504 confounding effect of extraction set, the samples were randomized before extraction. In 505 addition, three independent extractions were carried out without any matrix and processed 506 with the rest of the samples to identify potential bacterial DNA contamination that could 507 affect results obtained from low biomass samples (Salter et al., 2014) . 508
The 280bp hypervariable V5-V6 region of the rrs gene was amplified in duplicates and 509 sequenced with Miseq v.3. sequencing platform (Illumina, U.S.A.). Details on the protocol 510 are available in the Supplementary material. Analysis of sequences was performed using 511 mothur v.1.37.6 following the Miseq Standard Operating Procedure described by the 512 developers (http://www.mothur.org/wiki/MiSeq_SOP) (Schloss et al., 2009) . A total of 513 16,710,206 sequences were obtained after alinement of forward and reverse reads. Aligned 514 sequences were selected within a size range of 250-350 bp with less than 8 homopolymers 515 and any ambiguous position. All sequences which did not align to the rrs Silva v.123 516 database were filtered out. De novo chimera detection was performed using UCHIME 517 implemented in mothur (Edgar et al., 2011) . Clustering was performed using a maximum of 518 3% distance within each Operational Taxonomic Unit (OTU) according to the average 519 neighbor method. After quality trimming and clustering, every contaminant sequence was 520 trimmed out from the Sample x OTU shared table as previously described (Minard et al., 521 2015) . The samples were first rarefied at 3000 reads in order to control for sequencing depth 522 biases. Same OTUs were considered as contaminant if they were present in the negative 523 controls and if their proportion in a given sample was not at least 10 times higher than their 524 proportion in the negative controls. After trimming and quality control, the samples were 525 rarefied at 1500 reads per sample for further analysis. 20 caterpillar samples and 2 plant 526 samples, which did not contain the minimum amount of sequences, were discarded for the 527 rest of the analysis. Miseq sequences have been deposited on the European Nucleotide 528 Archive (http://www.ebi.ac.uk/ena) under the accession project number PRJEB26629. 529 530
Metabolomic analysis of the leaf samples of host plant Plantago lanceolata 531
After subtraction of the extremities, the remaining parts of each leaf sample were crushed 532 with a sterile pestle in liquid nitrogen and the frozen powder was freeze dried for 48h. The 533 extraction was processed using previously described protocol and 1 H-NMR spectra of the 534 metabolites were recorded ( Supplementary Material; Kim et al., 2010) . NMR spectra were 535 
Sex determination 546
As caterpillar's sex cannot be determined based on morphology, we employed a panel of 547 24 SNP markers linked to the Z chromosome to differentiate the sexes (Supplementary 548 material, Supplementary Table S3 , S4). The sensitivity and specificity of this method was 549 estimated to be 0.81 and 0.89, respectively, based on a group of 150 adult individuals with 550 known gender (75 males and 75 females). A total of 15 individuals could not be annotated 551 based on the SNP panel. 552 553
Statistical analyses 554
We analyzed the data with Hierarchical Modelling of Species Communities (HMSC; 555
Ovaskainen et al., 2017), which approach belongs to the class of joint species distribution 556 modeling (JSDM; Warton et al., 2015) . HMSC provides simultaneously species-and 557 community-level inference on how species occurrences and/or abundances relate to 558 environmental covariates, and how these relationships are structured with respect to 559 species traits and phylogenetic relationships. HMSC additionally assesses the structure of 560 co-occurrence patterns among the species that can't be attributed to responses of the 561 species to the measured covariates, either in spatially hierarchical or in spatially explicit 562 context, depending on the nature of the study design (Ovaskainen et al., 2017) . 563
We performed two separate analyses, called hereafter caterpillar and plant models, which 564 differed in whether the OTU data were derived from caterpillar or plant material. In both 565 models, the response variable was the vector of rarified sequence counts of the microbial 566
OTUs. We employed a hurdle approach, in which we first used a probit model for OTU 567 presence-absence, and then a log-normal model for OTU abundances conditional on 568 presence. We restricted the analyses to OTUs that were present in at least five samples 569 (562 and 610 OTUs for caterpillars and plants, respectively). We further excluded samples 570 for which plant OTUs or metabolites were missing. The analyzed dataset consisted of 142 571 caterpillars collected from 55 host plants (Fig. 2) . 572
In the caterpillar model, our aim was to examine how the OTU composition depended on 573 the properties of the focal caterpillar, and on the OTU and metabolite compositions of its 574 host plant. We included as fixed effects (1) the sex of the individual (0 for female and 1 for 575 male), (2) the infection status of the individual (0 for non-infected and 1 for infected by the 576 parasitoid wasp), (3) the abundance of the focal OTU in the host plant where the individual 577 was residing, (4) the plant OTU community composition, and (5) the plant metabolite 578 composition. We measured plant OTU abundance as log-transformed sequence count and 579 described plant OTU community composition and plant metabolite composition by the first 580 three principal components that explained respectively 22% and 92% of their total variations 581 ( Supplementary Fig. S3, S7) . To examine whether the responses of the species to the 582 explanatory variables showed a phylogenetic signal, we included in the analysis a 583 phylogenetic correlation matrix among the OTUs, obtained with FastTree method assuming 584 the General Time Reversible (GTR) evolution model (see Supplementary Fig. S8 ) (Price et 585 al., 2010) . To examine residual co-occurrence patterns among the OTUs that cannot be 586 among the OTUs, we evaluated the predictive power of the model in three different ways. 595
All of these accounted for the fixed effects, but differed on how the random effects were 596 accounted for. Prediction P1 is aimed at measuring the predictive power based solely on 597 fixed effects, and thus we integrated the random effects over their prior distributions rather 598 than using sampling unit -specific fitted values. Prediction P2 is aimed at measuring the 599 predictive power that can be gained by accounting for species-to-species associations. To 600 generate P2, we split the species randomly to two groups, and made the predictions for 601 each species group conditionally on the known occurrences of species belonging to the 602 other group (see Supporting Information for details). Prediction P3 is aimed at measuring 603 the full explanatory power of the model, and thus here the random effects were included 604 based on their fitted values. Therefore, the performance of P1 measures the importance of 605 fixed effects, and the difference between P2 and P1 (respectively, between P3 and P1) 606
gives a minimum (respectively, maximum) estimate for the importance of species-to-607 species associations. This is because the difference between P3 and P2 may either be a 608 true effect of species-to-species associations that is not captured by our approach of 609 dividing the species into two groups, or then it may be due to overfitting of the random 610 effects. We measured predictive powers by Tjur's R 2 (Tjur, 2009 ) for the probit models and 611 standard R 2 for the log-normal models. Given that HMSC framework has not previously 612 been used in microorganism studies and may thus not be familiar to microbial scientific 613 community, we ran a series of complementary analyses with more traditional methods to 614 support our HMSC-based results. The details are given in Supplementary material. 615
Finally, we analyzed whether the overwintering survival of caterpillar nests (siblings of the 616 caterpillars assessed above) was dependent on metabolite and OTU composition of the 617 host plant they were residing on. We performed this analysis with a logistic regression model 618 estimated with STAN (Carpenter et al., 2017) , in which model we accounted for the spatial 619 locations of the nests using a Gaussian process approach (see Supplementary material) 620 (Rasmussen and Williams, 2006 (columns) have been ordered according to their taxonomical classification (for details, see 921
Supplementary Table S2 ). Table  947 S2). 
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Carbohydrates and amino acid residues
Carbohydrates, Amino acid residues
